The lymph node (LN) periphery surrounding the T cell zone and B cell follicles is being increasingly recognized as an important site for many immunological functions. Lymph-borne pathogens drain into the LN subcapsular sinus (SCS) and medullary sinuses, where infection must be contained and antigen must be routed to lymphocytes surveying the LN parenchyma [1] [2] [3] [4] [5] [6] [7] . Lymphocytes are initially activated near the SCS in many models of tissue infection, and access of CD4 + T cells to the interfollicular regions and medulla is important for differentiation of both the T H 1 subset and T H 2 subset of helper T cells [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . However, the signals that direct cell movement through the LN periphery are only beginning to be defined.
A r t i c l e s
The lymph node (LN) periphery surrounding the T cell zone and B cell follicles is being increasingly recognized as an important site for many immunological functions. Lymph-borne pathogens drain into the LN subcapsular sinus (SCS) and medullary sinuses, where infection must be contained and antigen must be routed to lymphocytes surveying the LN parenchyma [1] [2] [3] [4] [5] [6] [7] . Lymphocytes are initially activated near the SCS in many models of tissue infection, and access of CD4 + T cells to the interfollicular regions and medulla is important for differentiation of both the T H 1 subset and T H 2 subset of helper T cells [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . However, the signals that direct cell movement through the LN periphery are only beginning to be defined.
An important set of cells that reside in the LN periphery and help contain infection is 'innate-like' lymphocytes, including natural killer (NK) cells, NKT cells, γδ T cells, and some memory CD8 + T cells 5 . During homeostasis, NK cells are positioned predominantly in the medulla, as well as in the interfollicular regions neighboring the SCS, and at the boundary of the T cell zone and B cell follicles, where cortical lymphatic sinuses are concentrated [18] [19] [20] [21] [22] [23] [24] . When a pathogen drains into the LN, inflammasome activation in macrophages that line the SCS and medullary sinuses induces those macrophages to secrete cytokines, including interleukin 18 (IL-18), which activates these innate-like lymphocytes and induces them to secrete interferon-γ (IFN-γ) 5 . IFN-γ in turn stimulates macrophage microbicidal activity, and blocking IFN-γ allows pathogens to exit the draining LN via efferent lymph and spread systemically 5, 25 . The IFN-γ response is rapid, within 2 h of infection in some cases 5 . The speed with which the NK cell IFN-γ response occurs suggests that the close proximity between NK cells and macrophages before infection is important, but it is not known what chemotactic cues position NK cells near the macrophage-filled lymphatic sinuses 5 .
We hypothesized that lymphatic endothelial cells (LECs) might secrete a chemoattractant that brings immune cells near the lymphatic sinuses. LECs supply the signaling lipid S1P to lymph via the S1P transporter SPNS2, and lymphocytes require this source of S1P for their egress from LNs 26 . The shape of the S1P gradient within the LN parenchyma is unknown, but we hypothesized that S1P concentrations might be high not only in the lymph but also within the LN parenchyma near lymphatics and that this S1P might position cells in the LN periphery.
Here, through the use of a mouse that expresses a sensor for S1P, we found that cells within the medullary cords sensed higher concentrations of S1P than did cells in the T cell zone and that SPNS2 expressed on LECs generated this gradient. Moreover, NK cells were displaced from the medulla into the T cell zone in the absence of Spns2 and when NK cells lacked the S1P receptor S1PR5. Seeking cues that might act with S1P, we found that inhibition of the chemokine receptor CXCR4 resulted in mislocalization of NK cells. In each of these cases, the defect in positioning attenuated IFN-γ production by NK cells just after infection, which demonstrates that precise localization of innate cells within the LN facilitates the early response to infection.
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VOLUME 18 NUMBER 1 JANUARY 2017 nature immunology A r t i c l e s RESULTS High S1P concentrations in the medullary cords The concentration of S1P is higher in lymph than in the interstitial fluid of LN, when averaged over the whole LN, and this differential guides the exit of lymphocytes from the LN into lymph 27 . We hypothesized, however, that S1P concentrations might not be uniformly low across the LN parenchyma and that gradients might exist within the LN, being higher near lymphatics than deep in the T cell zone (Supplementary Fig. 1a) .
To test that hypothesis, we used a mouse expressing a reporter of extracellular, 'signaling-available' S1P (ref. 28) (Supplementary  Fig. 1b) . The core of the reporter is a fusion of the S1P receptor S1PR1 Figure 1 Cells in the medullary cords sense higher concentrations of extracellular S1P than do cells in the T cell zone. (a) LN section from an S1P reporter mouse (Mx1-Cre) stained with antibody to (anti-) CD11b (myeloid cells; not shown), anti-Lyve1 (LECs and some sinus-lining macrophages; cyan) and anti-B220 (B cells; magenta) (left), and anti-GFP (green) and anti-RFP (red) (right), showing identification of the SCS, medulla (M) (Lyve1-rich regions), T cell zone (T), and B follicles (B) and interfollicular areas (IFA) by staining for B220 and Lyve1; dashed lines indicate boundaries between regions (high-resolution file, https://figshare.com/s/a88afb6d06b90b3af860). Bright reporting cells at the T cell-B cell boundary are high endothelial venules. Outlined areas are presented in greater detail in b. Scale bars, 50 µm. (b) Enlargement of cells from the T cell zone, SCS and medulla from the reporter LN in a, with medullary cords defined as Lyve1 − areas relatively dense with B cells, and medullary lymphatic sinuses (dashed lines, far right) defined as Lyve1 + areas with scarce B cells (both identified conservatively, with exclusion of ambiguous areas). Scale bars, 10 µm. (c) Quantification of S1P reporting in the T cell zone (T zone), SCS, medullary cords (Med cord) and medullary sinuses (Med sinus) of mice left untreated or treated with vehicle (UT or veh) or mice treated with the S1PR1 antagonist NIBR-0213 (NIBR) (details, d), determined as the ratio of GFP to RFP (GFP/RFP) for each CD11b + RFP + pixel (which mark the surface of reporter-expressing myeloid cells) averaged over a defined area of at least 1.8 × 10 3 µm 2 (SCS), 8 × 10 2 µm 2 (medullary cords or sinuses) or 5.5 × 10 3 µm 2 (T cell zone); results were normalized such that the average ratio for the T cell zone in untreated or vehicle-treated mice was set as 1.0 (to account for different microscope settings on different days; horizontal dotted line) (program, Supplementary Note 1). Each symbol represents an individual tissue area; small horizontal lines indicate the mean (± s.e.m.). (d) Microscopy of areas in the T cell zone, SCS, medullary cords and medullary sinuses of LNs from Mx1-Cre S1P reporter mice (littermate pair) treated with NIBR-0213 or vehicle and stained with anti-GFP (green), anti-RFP (red), anti-CD11b (white), and anti-Lyve1 and anti-B220 (to define LN regions; not shown) (image files, https://figshare.com/s/fd985aa726576b6cb9e7 and https://figshare.com/s/bc2ada688bc9ba074cfe). Scale bars, 5 µm. NS, not significant (P > 0.05); *P < 0.01 and **P < 0.0001 (analysis of variance (ANOVA) with post-hoc Tukey's HSD test for multiple comparisons). Data are representative of five experiments with five mice (a,b) or two experiments with one pair of Mx1-Cre S1P reporter mice and one pair of UBC-CreERT2 S1P reporter mice (d) or are pooled from three experiments (untreated mice) or two experiments (vehicle-or NIBR-0213-treated mice) with five mice (untreated or vehicle-treated mice) or two mice (NIBR-0213-treated mice) (c).
A r t i c l e s and enhanced green fluorescent protein (eGFP). Because S1PR1 is internalized after binding its ligand S1P, S1PR1-eGFP remains on the plasma membrane in the absence of extracellular S1P and is lost from the plasma membrane (i.e., is relocalized into endosomes and is partially degraded) in the presence of extracellular S1P 29 . As an internal control, the reporter also encodes a transmembrane fusion of the human glycoprotein CD2 (hCD2) and red fluorescent protein (TagRFP) in which human CD2 lacks the 100 amino acids in its cytoplasmic tail responsible for signaling. hCD2-TagRFP marks the plasma membrane of reporting cells and allows quantification of the surface expression of S1PR1-eGFP normalized to that of hCD2-TagRFP. The two proteins are separated by a P2A ribosomal skip sequence so that they are translated at a ratio of 1:1. The gene encoding the proteins is knocked into the widely expressed Rosa26 locus, expression of the gene is driven by the synthetic CAG promoter, and the gene is preceded by a loxP-flanked transcriptional stop sequence 28 .
To induce reporter expression, we bred mice expressing the reporter and Cre recombinase driven by the interferon-responsive Mx1 promoter (Mx1-Cre) 30 , treated 3-to 5-day-old pups with the double-stranded RNA mimic poly(I:C) to induce expression of Cre, and analyzed the mice as adults. We also bred mice expressing the reporter and tamoxifen-inducible CreERT2 driven by the promoter of the widely expressed human gene encoding ubiquitin C (UBC-CreERT2) 31 and induced Cre activity in adult mice. In the LNs, the reporter was well expressed by high endothelial venules and a subset of myeloid cells, via either Cre construct (Fig. 1a and data not shown). We limited our reporter analysis to CD11b + myeloid cells, which are relatively stationary in the LNs during homeostasis and should therefore report on S1P in their current location 32 .
In LN sections, we clearly identified the SCS, the T cell zone and the medulla by staining with antibody to B220 (expressed by B cells) and antibody to Lyve1 (expressed by LECs and a subset of lymphatic sinus-lining macrophages) 33 ( Fig. 1a and Supplementary Fig. 1a) . The SCS is identified by a rim of Lyve1 staining underneath the LN capsule, which marks the sinus floor. The medulla as a whole can be identified as Lyve1-rich regions. The medullary cords (the LN parenchyma) and medullary sinuses (the lymphatic vessels) were delineated through the use of Lyve1 staining 34, 35 (Fig. 1b) , and we verified that fluorescein isothiocyanate-dextran injected subcutaneously drained quickly into the Lyve1 + areas of the medulla (data not shown). The T cell zone is at the center of the LN, circumscribed by B follicles and the medulla.
As expected, CD11b + cells within the SCS, which is filled with lymph fluid, reported high concentrations of S1P, while CD11b + cells in the T cell zone reported little S1P (Fig. 1a,b) . Furthermore, reporter imaging revealed that CD11b + cells in the medullary cords sensed more S1P than did those in the T cell zone (Fig. 1a,b) . Quantification confirmed those observations, with a consistently lower ratio of GFP to RFP on the surface of reporting CD11b + cells within the medullary cords, medullary sinuses and SCS than on the surface of their counterparts in the T cell zone (Fig. 1c) .
Notably, we saw little difference between medullary cord and medullary sinus macrophages in their sensing of S1P (Fig. 1a-c) . We had expected more sensing of S1P by cells in the sinuses than by those in the cords, reflective of the S1P gradient that guides lymphocyte egress. The reporter was not saturated, as we detected more sensing of S1P by medullary sinus macrophages in mice treated with the S1PR1 agonist FTY720 than by those in mice treated with vehicle ( Supplementary Fig. 1c) , and more sensing of S1P by SCS macrophages than by medullary sinus macrophages (Fig. 1b,c) . It is possible that the reporter was not sufficiently sensitive to detect a small difference in S1P sensing across the sinus wall. However, we speculate that the dense network of cells on both sides of the medullary lymphatic sinus wall in macrophage-packed regions degrades S1P secreted in either direction and that S1P concentrations might have been higher in macrophage-sparse areas of the medullary sinuses and in the cortical sinuses (which lacked reporting cells).
To verify that medullary cord cells were faithfully reporting elevated S1P in the cords, we treated mice with the S1PR1-specific antagonist NIBR-0213, which prevents internalization of the receptor 36 . After 8 d of treatment, reporting CD11b + cells within the medullary cords had recovered S1PR1-eGFP on the plasma membrane, which was reflected in higher surface ratio of GFP to RFP than that of reporting cells in the medullary cords of vehicle-treated mice (Fig. 1c,d) . It is possible that medullary cord cells sense S1P only because they extend processes into the lymphatic sinus lumen, where they might be exposed to S1P in lymph. We did not observe such processes on reporting cells in our system, however, as many medullary-cord macrophages had a rounded morphology (Fig. 1b) . We predicted that if the sensing of S1P by cells in the cords were due only to extension of processes into the lymphatic sinuses, sensing by cells in the cords would be substantially less than that by cells in the sinuses because only a small portion of the cord-resident cells would be exposed to lymph S1P, in contrast to the sinus-resident cells bathed in S1P. Because we did not detect a substantial difference in the sensing of S1P across the lymphatic sinus wall, at least in areas of medullary lymphatic sinuses packed with reporting macrophages, our data suggested that the sensing of S1P by medullary cord macrophages was attributable to S1P within the LN parenchyma. Finally, we confirmed the pattern in a second cell type. Although expression of the transgene encoding the S1P reporter by lymphocytes was below our limit of detection, we were able to visualize the reporter in lymphocytes after transducing cells with retrovirus encoding the reporter construct. We transduced primary T cells with the S1P reporter and transferred the cells into wild-type host mice and observed that T cells in the medullary cords internalized a larger proportion of S1PR1-eGFP than did those in the T cell zone (Supplementary Fig. 1d ).
We hypothesized that the S1P gradient between the medullary cords and the T cell zone was generated by SPNS2, an S1P transporter required in LECs to supply S1P to lymph 26 . To determine whether SPNS2 also generates S1P gradients within the LNs, we transferred bone marrow (BM) from the reporter mice into lethally irradiated host mice expressing loxP-flanked Spns2 alleles and Cre recombinase from the Lyve1 promoter (Spns2 f/f Lyve1-Cre; called 'Spns2∆ Lyve1 ' here) or Spns2 f/f UBC-CreERT2 mice (called 'Spns2∆ UBC-CreERT2 ' here), or into their control littermates that retained at least one Spns2 allele, to generate BM chimeras. In Spns2∆ Lyve1 chimeras, Spns2 is deleted mainly in LECs 33 . In tamoxifen-treated Spns2∆ UBC-CreERT2 chimeras, Spns2 is deleted more globally in radiation-resistant cells 31 . While reporter cells in control host mice reported higher concentrations of S1P in the medullary cords than the T cell zone, reporter cells in Spns2∆ Lyve1 and Spns2∆ UBC-CreERT2 host mice reported low concentrations of S1P in the medullary cords (Fig. 2a) . Quantification confirmed that the S1P gradient between the T cell zone and the medulla seen in control chimeras was flattened in SPNS2-deficient chimeras (Fig. 2b) . Together our results suggested that cells in wild-type mice were able to sense substantial S1P within the medullary cords, either due to direct secretion of S1P into the cords by LECs via SPNS2 or due to leak of S1P-containing lymph from the sinuses into the cords. 
A r t i c l e s

Regulation of NK cell positioning and IFN-g response by SPNS2
Because the majority of LN NK cells are positioned in proximity to medullary sinus LECs, we hypothesized that S1P secreted by LEC would draw NK cells near lymphatics (Supplementary Fig. 1a) . We evaluated NK cell positioning in the LNs of Spns2∆ Lyve1 mice and their control littermates (which retained at least one Spns2 allele). As expected, NK cells in the LNs of control mice were mainly in the medulla, outside the T cell zone ( Fig. 2c and Supplementary Fig. 2 ).
In the LNs of Spns2∆ Lyve1 mice, in contrast, many NK cells were mislocalized in the T cell zone (Fig. 2c) . Quantification confirmed a greater fraction of NK cells in the T cell zone and a smaller fraction in the medulla of Spns2∆ Lyve1 LNs relative to their abundance in those areas of control LNs (Fig. 2d) . That observation reflected a greater absolute density of NK cells in the T cell zone of Spns2∆ Lyve1 LNs than in that of control LNs (Fig. 2e) . There was a trend toward a lower absolute density of NK cells in the medulla of Spns2∆ Lyve1 LNs than in that of control LNs, which did not reach statistical significance (Fig. 2f) . It is known that NK cells exit the LNs in response to lymph S1P sensed by S1PR5 (refs. 23,37) . In Spns2∆ Lyve1 mice, both lymph S1P 26 and medullary cord S1P were lost (Fig. 2a,b) . Hence, it is likely that the medulla simultaneously gained some NK cells that would otherwise have exited the LN and lost some NK cells to the T cell zone. Overall, the ratio of the NK cell density in the T cell zone to the NK cell density in the medulla was much greater in Spns2∆ Lyve1 mice than in their control littermates (Fig. 2g) . These data suggested that the secretion of S1P by cells targeted by Lyve1-Cre (probably LECs) had an important role positioning NK cells in the LN periphery. We next sought to determine whether mislocalization of NK cells in Spns2∆ Lyve1 mice affected the ability of NK cells to respond to pathogens entering the LN via afferent lymphatics. To address this, we assessed the early NK cell IFN-γ response, in which the effects of mis-positioning within the LN can be isolated from the effects of blocked exit from the LN due to loss of lymph S1P 23, 37 . We used a model of subcutaneous injection of Salmonella enterica Typhimurium, which induced a strong and reproducible NK cell response in control mice (which retained at least one allele of Spns2) (Fig. 3a,b) . At 2-4 h after infection, the fraction of NK cells producing IFN-γ in Spns2∆ Lyve1 mice was half that in their control littermates (Fig. 3a,b) . Although we hypothesized that the diminished IFN-γ response was due to mislocalization, other possible explanations remained. We did not observe gross displacement of macrophages from the SCS or the medulla (Supplementary Fig. 3a) . We predicted that if the defect were due to mislocalization of NK cells, NK cells isolated from the LNs of Spns2∆ Lyve1 mice and stimulated in vitro by IL-12 and IL-18 would have a response similar to LN NK cells from their control littermates, and this was indeed the case (Fig. 3c,d) . Furthermore, we A r t i c l e s predicted that the NK cells in Spns2∆ Lyve1 mice that remain positioned in the medulla would respond similarly to NK cells in the medulla of control mice. Using immunofluorescence staining of LN sections, we found that the fraction of NK cells producing IFN-γ was similar in the medulla of Spns2∆ Lyve1 mice and that of their control littermates, while NK cells in the T cell zone did not secrete IFN-γ in either Spns2∆ Lyve1 mice or control mice (Fig. 3e,f) . Thus, proper pre-positioning of NK cells within the medulla enabled their early production of IFN-γ after infection.
Regulation of NK cell positioning and IFN-g response by S1PR5
Next we sought to determine which receptor enables NK cells to sense S1P secreted by SPNS2. NK cells use S1PR5 to exit LNs 23, 37 , and by analyzing S1pr5 −/− mice, we addressed whether S1PR5 also regulates NK cell migration within the LNs. As in Spns2∆ Lyve1 mice, many NK cells in S1pr5 −/− mice were displaced into the T cell zone from the medulla (Fig. 4a-e) . The finding that S1PR5 regulated NK cell positioning enabled us to investigate whether the requirement for S1P signaling was cell intrinsic, as it was also possible that the displacement of NK cells was due to the greater frequency of NK cells in the LNs of Spns2∆ Lyve1 mice (Supplementary Fig. 4a ) and S1pr5 −/− mice 23, 37 ( Supplementary  Fig. 4b ) or was due to a requirement for S1P signaling in an intermediate cell type. We made mixed-BM chimeras by transferring BM from GFP + (CD45.2 + ) mice (which expressed a transgene encoding GFP) together with BM from S1pr5 −/− (CD45.2 + ) mice or BM from their control (S1pr5 +/+ or S1pr5 +/− ) (CD45.2 + ) littermates (none of which expressed the GFP-encoding transgene) into wild-type (CD45.1 + ) host mice. We found that a greater frequency of S1pr5 −/− NK cells than GFP + wild-type NK cells were mislocalized in the T cell zone of the same mixed-BM chimera, while NK cells from the control littermates were positioned similarly to GFP + wild-type NK cells in the mixed-BM chimera (Fig. 4f,g and Supplementary Fig. 4c ). These data demonstrated that the NK cells had a cell-intrinsic requirement for S1PR5 for proper positioning within LNs. We then addressed whether S1PR5 expression by NK cells regulates the IFN-γ response to bacterial infection; for this, we used the model of subcutaneous Salmonella infection described above. We found that similar to results obtained for NK cells in Spns2∆ Lyve1 mice, a smaller fraction of NK cells from S1pr5 −/− mice than from their control (S1pr5 +/+ or S1pr5 +/− ) littermates secreted IFN-γ 2 h after bacterial challenge (Fig. 5a,b) . Infection of the mixed-BM chimeras described above (Fig. 4) demonstrated that the requirement for S1PR5 for rapid IFN-γ secretion was cell intrinsic. The ratio of IFN-γ-producing S1pr5 −/− NK cells among total S1pr5 −/− NK cells to IFN-γ-producing wild-type NK cells among total wild-type NK cells in the same mouse was consistently lower than the ratio of IFN-γ-producing NK cells from A r t i c l e s the control littermates among total NK cells from the control littermates to IFN-γ-producing wild-type NK cells among total wild-type NK cells (Fig. 5c) . The ratio of IFN-γ-producing NK cells from the control littermates to IFN-γ-producing wild-type NK cells was reproducibly greater than 1:1 (Fig. 5c) . That observation held in mixed-BM chimeras made by the transfer of BM from S1pr5 −/− mice and their control littermates (seven pairs) and BM from B6-congenic wild-type mice (three strains) into wild-type host mice (Fig. 5c) . This finding suggested that the background of the S1pr5 mouse strain favored slightly greater IFN-γ secretion than did the B6-congenic lines. We then sought to determine whether the defect in IFN-γ secretion could be attributed to mislocalization. We found that, like the results A r t i c l e s obtained for NK cells from Spns2∆ Lyve1 mice, NK cells from S1pr5 −/− mice secreted IFN-γ similarly to NK cells from their control (S1pr5 +/+ or S1pr5 +/− ) littermates in response to stimulation in vitro (Fig. 5d,e) . Furthermore, the S1pr5 −/− NK cells that remained properly localized in the medulla secreted IFN-γ similarly to NK cells in the medulla of their control littermates (Fig. 5f,g ). These data indicated that displacement into the T cell zone was responsible for the diminished IFN-γ response of S1pr5 −/− NK cells.
Regulation of NK cell positioning and IFN-g response by CXCR4
While NK cells shifted from the medulla to the T cell zone after loss of SPNS2-S1P-S1PR5 signaling, a substantial fraction of NK cells remained in the medulla (Figs. 2c,d and 4a,b) . That finding led us to investigate whether other cues were needed to position NK cells in the medulla. The chemokine CXCL12 is abundant in the LN medullary cords, and the chemokine receptor CXCR4, which binds CXCL12, positions plasma cells in this area 38, 39 . Mice expressing a mutant A r t i c l e s CXCR4 that cannot be internalized have elevated numbers of LN NK cells 40 , which suggests that CXCR4 might antagonize the exit of NK cells from LNs, and we hypothesized that CXCR4 signaling might also contribute to NK cell positioning within the LNs. We confirmed that LN NK cells expressed CXCR4 (Fig. 6a) and found that treatment for 2 h with the CXCR4-specific antagonist AMD3100 (refs. 41,42) caused NK cells to move into the T cell zone (Fig. 6b-f) . The greater fraction of NK cells in the T cell zone and greater ratio of NK cell density in the T cell zone to that in the medulla of AMD3100-treated mice relative to that in vehicle-treated mice (Fig. 6c,f) was similar to what we observed after loss of S1PR5 signaling. However, the absolute density of NK cells in the T cell zone of AMD3100-treated mice was less than the absolute density of NK cells in the T zone of S1pr5 −/− mice, and there were significantly fewer NK cells in the medulla of AMD3100-treated mice than in that of vehicletreated mice (Fig. 6d,e) . That finding was consistent with our finding that unlike loss of SPNS2 or S1PR5, inhibition of CXCR4 signaling by treatment with AMD3100 did not cause NK cells to accumulate in the LNs (Supplementary Fig. 5a ). Consistent with the effect of AMD3100 treatment, we also found mislocalization of NK cells in Cxcr4 f/f Mx1-Cre mice (called 'Cxcr4∆ Mx1 mice' here) treated with poly(I:C) to induce deletion of Cxcr4 (ref. 43) (Fig. 6g-k) . These data demonstrated that CXCR4 was required for the proper positioning of NK cells within the medulla.
As in Spns2∆ Lyve1 mice and S1pr5 −/− mice, a substantial fraction of NK cells remained in the medulla after inhibition of CXCR4 (Fig. 6b,c) . We therefore treated S1pr5 −/− mice with AMD3100 to determine how concomitant loss of CXCR4 and S1PR5 signaling would affect the distribution of NK cells. We found slightly more mislocalization of NK cells into the T cell zone in AMD3100-treated S1pr5 −/− mice than in either vehicle-treated S1pr5 −/− mice or AMD3100-treated control (S1pr5 +/+ or S1pr5 +/− ) littermates (Fig. 6b-f) , reflected in a greater fraction of NK cells in the T cell zone (Fig. 6c) and a greater ratio of NK cell density in the T cell zone to that in the medulla (Fig. 6f) in the AMD3100-treated S1pr5 −/− mice. These results demonstrated that NK cells became evenly distributed between the T cell zone and medulla after loss of signaling via both receptors; the cells never fully left the medulla. A r t i c l e s
As after the loss of SPNS2 or S1PR5, antagonism of CXCR4 diminished the early NK cell IFN-γ response to Salmonella infection (Fig. 7a) . Again, our data suggested that the defect was attributable to NK cell mislocalization, as AMD3100 did not affect the ability of NK cells to secrete IFN-γ in vitro (Fig. 7b) , and the NK cells that remained in the medulla of AMD3100-treated mice produced IFN-γ comparably to those in vehicletreated mice (Fig. 7c,d) . We also saw a trend toward further reduced secretion of IFN-γ after the loss of signaling via both S1PR5 and CXCR4 (Fig. 7a) . We observed that a subset of NK cells expressed CXCR3 even in homeostasis, which we speculate might have also contributed to the positioning of NK cells in the LN periphery after upregulation of CXCR3 ligands after infection (Supplementary Fig. 5b) .
Finally, we addressed whether the redistribution of NK cells had an effect on the control of bacteria. We expected that diminished secretion of IFN-γ by NK cells near the medullary sinuses would impair the ability of sinus-lining macrophages to contain infection in the draining LNs (in this case, the popliteal LNs) and would enable infection to spread to the downstream LNs (in this case, the iliac LNs). We saw little effect on the spread of Salmonella after 4 h in Spns2∆ Lyve1 mice and S1pr5 −/− mice (data not shown), as expected, because there was little change in the density of NK cells in the medulla (Figs. 2f  and 4d) . However, there was a lower density of NK cells in the medulla of LNs from AMD3100-treated mice than in those from their vehicle-treated control littermates, and we saw a slightly higher ratio of colony-forming units of Salmonella in the iliac LNs to that in the popliteal LNs in AMD3100-treated mice than in the control mice (Fig. 7e) . This result suggested that positioning of NK cells in the medulla contributed to bacterial containment within the draining LNs.
DISCUSSION
Precise positioning of immune cells within the LNs is critical for host defense, but the factors required for this are still being defined. Through the use of S1P reporter mice, we mapped the LN gradients of S1P and found that cells sensed greater amounts of S1P in the medullary cords than in the T cell zone. In mice deficient in SPNS2 in LECs, however, extracellular S1P concentrations in the medullary cords were lower, which flattened the gradient. Notably, our findings are in contrast to suggestions that Spns2 −/− mice have greater amounts of S1P in LN interstitial fluid 44 , which highlights the importance of measuring signaling-available S1P rather than total tissue lipid. Consistent with our data obtained with the reporter, both SPNS2 on cells targeted by Lyve1-Cre (probably LECs) and S1PR5 on NK cells were needed to maintain proper localization of NK cells in the medulla. Additionally, CXCR4 was required for the positioning of NK cells. Our work suggested that mislocalization was directly responsible for the early defect in the NK cell response to bacterial infection in Spns2∆ Lyve1 mice, S1pr5 −/− mice and CXCR4-antagonist-treated mice.
Unexpectedly, we found little difference in the sensing of S1P by macrophages in the medullary cords relative to that by macrophages in regions of the medullary sinuses packed with cells. We hypothesize that the dense network of macrophages within the medullary sinuses rapidly degrades S1P. We further speculate that S1P concentrations might have been higher in the macrophage-sparse cortical sinuses and macrophage-sparse areas of the medullary sinuses, which lacked reporter-expressing cells, and that 'hot spots' that have been observed for the exit of T cells from the medulla might be in areas of the sinuses with lower macrophage density 45 . Studies have suggested the hypothesis that in addition to the medulla, other areas of the LN contain fine gradients of S1P that regulate cell positioning. For example, S1PR2, which antagonizes migration toward S1P, is required for the retention of germinal center B cells and follicular helper T cells in LN germinal centers. The edges of B cell follicles are thus posited to have higher concentrations of S1P than that in germinal centers 46, 47 . Here, we have begun to map S1P gradients in LNs; it will be important to further delineate the gradients within this tissue. S1PR5 has been shown to direct the exit of NK cells from LNs into lymph, an observation that raises the question of how S1P signaling can simultaneously promote the egress of NK cells from the medulla and their localization in the medulla 23, 37 . Unlike S1PR1, which guides the egress of T cells and B cells, S1PR5 is resistant to ligand-induced internalization 37 . Hence, S1PR5 might position NK cells in the medulla but remain sensitive to the S1P in the lymph and enable NK cells to exit the LN when they encounter a permissive site in the medullary or cortical sinuses. Alternatively, the principal role of S1PR5 in egress might be to guide NK cells to areas near lymphatics, where they patrol the LN parenchyma and ultimately exit via a random walk.
When LNs are infected in wild-type mice, NK cells are recruited to the LNs and become concentrated near the SCS within 16-24 h (refs. 19,20) . Interaction with collagen fibers, perhaps exposed initially due to inflammation-induced damage and later to LN expansion, is one cue that pulls NK cells to the SCS 19 . We observed that even in the absence of S1PR5 or CXCR4 signaling, NK cells began to move toward the edges of the T cell zone within 2 h of challenge. It is not clear what cues induced this early relocalization, although we speculate that CXCR3 ligands were involved. After infection, expression of CXCR3 ligands is upregulated in the LN periphery 10, 11, 13 , and we found that a subset of LN NK cells expressed CXCR3 during homeostasis. It will be important to delineate the sequential signals that regulate the recruitment of NK cells to the lymphatics in inflammation.
More generally, the LN periphery is being increasingly recognized as an important site of many immunological functions, from pathogen containment to helper T cell differentiation. However, little is known about the organization of cells within this region and whether and how different types of responses are spatially segregated from each other. A published study has shown that CCR6, whose expression is regulated by the transcription factor RORγt, directs the localization of a network of IL-17-producing innate-like lymphocytes to the SCS 48 . We found that S1PR5, whose expression is regulated by the transcription factor T-bet, directed the localization of IFN-γ-producing NK cells to the medullary sinuses. Such results suggest that there might be different territories for different types of response, at least early after infection. Future studies should investigate whether these differences contribute to functional differences between macrophages in distinct locations 4 and whether such early differences regulate the localization of differentiating helper T cell subsets. The knowledge that S1P can position cells in the medulla will be valuable as the LN periphery is better defined spatially and functionally to determine how different regions contribute to host defense.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. A r t i c l e s AUtHoR ContRIBUtIonS V.F. designed and conducted experiments, wrote ImageJ software programs, analyzed data and wrote the manuscript; V.S.C. conducted experiments and analyzed data; W.D.R.-P., A.M., and A.B. conducted experiments; R.R. and J.C. provided S1pr5 −/− mice; M.C. wrote ImageJ software programs; and S.R.S. designed experiments, interpreted data and wrote the manuscript.
